The normal growth of Nelumbo nucifera, a widely planted aquatic crop in Asia, was severely ruined by replant disease. The mechanism of replant disease was still unknown in aquatic crops. Complementary transcriptomic and proteomic analyses were performed by comparing seedings of first-year planting (FP) and consecutive planting (CP). 9810 differentially expressed genes (DEGs) were identified between FP and CP. Additionally, 975 differentially expressed proteins (DEPs) were obtained. The correlation of proteome and transcriptome illustrated phenylpropanoid biosynthesis, flavonoid biosynthesis, metabolic pathways, and MAPK signaling pathways were significantly activated. Peroxidase, determined as one of the key proteins in replant disease of N. nucifera, was phylogenetically analyzed.
Introduction
Nelumbo nucifera belongs to Nelumbonaceae, Nymphaeales, a perennial aquatic plant. This genus consists of two species, N. nucifera, located in Asia, Australia and Russia, and Nelumbo lutea, distributed throughout North America.
1 N. nucifera is rich in ower color and the number of petals, and is considered an ornamental plant and economic crop. N. nucifera has been cultivated in Asia for more than 7000 years, for its colorful owers, edible seeds and rhizomes.
2 Moreover, N. nucifera is widely used as herbal medicine for curing various health problems such as insomnia, cancer, diabetes, heart and liver diseases. 3 Replant disease, or the consecutive monoculture problem, is a common phenomenon in various horticultural, vegetable and medicinal plants. [4] [5] [6] Serious invasion by microbes and pollen abortion are oen detected in replanted N. nucifera, causing a decrease in seed yield and oral buds even under normal cultivation management. 7 Further studies also indicate that replant disease resulted in a 14.8% decline in the average seed setting rate, and a 14.3% decrease in the single grain dry weight in replanted N. nucifera. 8 Previous studies have mainly tried to explain replant disease based on environmental factors, including the imbalance of soil nutrients, shis of microbial communities into aggressive pathogens and allelopathic autotoxicity.
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A long-time consecutive monoculture of one crop in the same eld easily lead to deciency of imperative nutrients, and accumulation of pathogens. 13 Additionally, allelochemicals were continuously released into the rhizosphere of replanted crops, and accumulation of these allelochemicals signicantly ruined the normal growth of crops. 11, 12 Although a consecutive monoculture disrupted the suitable surroundings of replanted crops, how it inhibited their normal growth was still unknown.
Physiological studies have found that a consecutive monoculture resulted in the destruction of the cell membrane, a decline in the dry weight of leaves and roots, and a decrease of root activity in high plants, such as Rehmannia glutinosa, Arachis hypogaea, Pseudostellaria heterophylla, tobacco and cotton.
response of genes and proteins to a consecutive monoculture would sincerely facilitate our understanding of the mechanism of replant disease. The genes responding to a consecutive monoculture were already indicated in R. glutinosa by the transcriptome, and the genes involved in ethylene synthesis, such as 1-aminocyclopropane-1-carboxylate oxidase (ACO), and related to disruption of DNA, RNA and protein synthesis, such as DNA-directed RNA polymerase 2B, were signicantly increased. 13 The change of proteins was also examined in P. heterophylla and R. glutinosa by 2-DE-based proteome, 14, 15 and 20 proteins associated with photosynthesis and energy metabolism were obviously regulated by replant disease.
To date, the studies on replant disease have focused mainly on terrestrial plants, with a lack of investigation in aquatic botony. Whether these results could be used in aquatic botony still needs to be further researched. Moreover, the integration of the transcriptome and proteome was commonly used to unveil the molecular mechanism of high plants in the face of environmental stresses. 16, 17 However, this method is rarely used in explaining the formation of replant disease, with no reports on N. nucifera. Following the recent release of the N. nucifera genome, 18 the integration of the transcriptome and proteome could be used as imperative methodologies for uncovering the mechanism of replant disease in N. nucifera.
In this study, an integrated analysis of the transcriptome and proteome was rst performed to research the potential molecular mechanism of replant disease in N. nucifera. Real-time PCR was operated to validate the expression prole of target genes. Based on the biological function of these target genes, the signal pathway of a consecutive monoculture was illustrated in N. nucifera. These experiments aimed to provide data for unveiling the molecular characteristics of replant disease in N. nucifera, and increase our understanding of replant disease in aquatic botony.
Methods
N. nucifera planting and sample preparation N. nucifera "Taikonglian 36", the most distributed seed lotus, was widely planted at Wuhan University, Hubei Province, China. The size of the experimental pools was about 10 m Â 5 m, separated by 0.7 m walkways between the pools to avoid the inuence of various experimental treatments. Ten pools were separated into two groups, with ve pools in each group. In the rst group, ve pools contained never planted N. nucifera. For the second group, ve pools contained consecutively planted N. nucifera, from 2013 to 2016. Twenty rhizomes of the same size were selected randomly, and breeded in ten pools with 2 rhizomes in each pool in April, 2017. The same eld management was performed for two groups during the growth and development of N. nucifera. Conveniently, the former was the rst-year planting group (FP), and the latter was the consecutively planting group (CP).
RNA sequencing and data analysis
Six rhizomes from various pools were randomly collected from both FP and CP groups, with three samples from each group in July, the most serious stage of replant disease. Three independent biological replicates of rhizomes from FP and CP were harvested for RNA sequencing. A transcriptome library was constructed with the help of Beijing Genomic Institute for transcriptomic analysis (BGI, Wuhan, China). 19 The total RNA of rhizomes was isolated by a Trizol reagent, and the RNA quality was checked by an Agilent 2100 Bioanalyzer (Aglient Technologies, Santa Clara, CA, USA). mRNA was enriched by Oligo (dT) magnetic beads, and then interrupted to short fragments with a size of about 200 bp. The short fragments were used as templates to synthesize the double-strand cDNA by random primers. Additionally, sequencing adaptors were ligated to the fragments, and the required fragments were puried and amplied by PCR reaction. The library products were scanned for sequencing analysis via BGISEQ-500 (BGI, Wuhan, China). Raw reads had been uploaded to the NCBI Gene Expression Omnibus (GEO accession: GSE114112; enter token: ybcjymswvjyjrit). The clean reads were obtained by ltering the lowquality reads, and mapped to the genome of N. nucifera (https:// lotus-db.wbgcas.cn/) using HISAT. 20 Based on genome annotation, the novel transcripts, including coding transcripts and noncoding transcripts, were identied using Cuffcompare, 21 and the coding ability of these new transcripts was predicted by CPC. 22 All the novel coding transcripts were merged with reference transcripts to obtain a complete reference. Subsequently, the clean reads were mapped to it using Bowtie2. 23 The mRNA expression was determined by the RPKM method (reads per kb per million reads).
24 FDR (false discovery rate) & 0.001 and the absolute value of log 2 ratio $ 1 were used as thresholds to dene the differentially expressed genes (DEGs). Moreover, all DEGs were mapped to gene ontology terms in the database (GO, https://www.geneontology.org/) for functional annotation, Kyoto Encyclopedia of Genes and Genomes database (KEGG, https://www.genome.jp/kegg/pathway.html) enrichment analysis to determine the main metabolic pathways and signal transduction pathways.
iTRAQ labeling and data processing
The samples used for iTRAQ analysis were the same as those used for RNA sequencing. The quality of proteins was assessed using a protein assay kit (Bio-Rad, CA, USA), and 12% SDS-PAGE (Fig. S1 †) . iTRAQ analysis was also carried out by Beijing Genomic Institute (BGI, Wuhan, China) 25 Proteins were extracted and digested, then reduced, alkylated and digested with trypsin. Then peptides were labeled with iTRAQ tags (Applied Biosystems, Foster City, CA, USA). The peptides were labelled with 114, 116 and 117 iTRAQ reagents for FP, and 118, 119 and 121 for CP. SCX chromatography was used for LC-20AB HPLC (Shimadzu, Kyoto, Japan), and the iTRAQ-labelled peptides were reconstituted with solvent A (5% CAN, pH ¼ 9.8), and loaded onto a 4.6 Â 250 mm Ultremex SCX column containing 5 mm particles (Phenomenex). The peptides mixture was separated by a gradient of buffer B (95% CAN, pH ¼ 9.8) at a ow rate of 1 ml min
À1
. The gradient was set as follows: 5% buffer B for 10 min, 5-35% buffer B for 30 min, and 35-95% buffer B for 1 min. Elution was examined by measuring absorbance at 214 nm, and fractions were collected every 1 min.
The peptides were analyzed by nanoelectrospray ionization, followed by tandem mass spectrometry (MS/MS) in a Q-EXACTIVE (Thermo Fisher Scientic, San Jose, CA). The MS/MS results were analyzed with ProteinPilot Soware 4.0 (Applied Biosystems) using the Paragon algorithm to determine relative quantication and pvalues of the proteins. The criteria with fold-change value $1.2 and p-value # 0.05 were used to determine differentially expressed proteins (DEPs). The data was uploaded in iproX (https:// www.iprox.org/page/PSV023.html;?url¼1525224639418ibTp, R8pv). Correlation analysis was performed in order to understand the relation of the proteome and transcriptome.
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Valuation genes expression by real-time PCR
According to the correlation analysis of the proteome and transcriptome, ve categories were created as follows: same trend of DEGs and DEPs, opposite trend of DEGs and DEPs, DEPs and NDEGs (no change of the corresponding DEGs), NDEPs (no change of the corresponding DEPs) and DEGs, NDEPs and NDEGs. Real-time PCR was performed to examine the expression prole of 13 genes with the same trend of DEGs and DEPs, using the materials of roots, leaves and rhizomes in FP and CP. 26, 27 The total RNA was isolated by an RNAprep Pure lant Kit (TIANGEN, China). The rst strand of cDNA was generated by MLV transcriptase (Promega, USA), and diluted 5 fold using a template. Real-time PCR was carried out by SYBR Green Real-time PCR master mix (Vazyme, China), using b-actin as a reference gene (Table S1 †) .
Isolation and analysis of peroxidase (POD) in N. nucifera
The complete coding sequence of POD gene in N. nucifera (NCBI no. XM_010248162.2) was cloned by reverse transcription, using cDNA from leaves as a template (Table S1 †). According to a published DNA sequence of POD gene in N. nucifera (NCBI no. NW_010729341.1), the exons and introns were identied. The characteristics of POD in N. nucifera were studied by PeroxiBase (https://peroxibase.toulouse.inra.fr/). Subsequently, the putative amino acid sequence of POD in N. nucifera was compared with other proteins from NCBI by Clustal W soware. Additionally, the subsequent phylogenetic tree was generated by the neighbor-joining method based on the amino acid sequences, using the MEGA soware version 4. The various tissues of FP and CP seedings, including roots, rhizomes and leaves, were harvested and washed with distilled water. All the tissues were frozen and homogenated in liquid nitrogen immediately, and stored at À80
C. For examination of enzyme activity, the materials were ground and diluted in 0.1 M PBS buffer (pH ¼ 7.4), and centrifuged for 30 min at 4 C.
Supernatant was harvested for preparation in the following experiments. Super dismutase (SOD) activity was determined as the amount of enzyme required to result in a 50% inhibition of nitro blue tetrazolium (NBT) photoreduction to formazan at 560 nm. 29 Catalase (CAT) activity was calculated by examining the decrease of H 2 O 2 at 240 nm. 30 Ascorbate peroxidase (APX) activity was estimated by detecting the substrate of ascorbate at 290 nm. 31 POD activity was quantied using guaiacol as substrate, according to the modied method. 32 Subsequently, MDA content was examined using the thiobarbituric acid (TBA) method.
33 H 2 O 2 content was measured by a modied Ti(IV)-H 2 O 2 method. 34 
Statistical analysis
Data were expressed as the mean AE SD from three independent biological replicates. Signicance was calculated based on a one-way analysis of variance (ANOVA), and the least signi-cant difference (LSD) t-test was performed for differences between groups (p < 0.05).
Results

Characteristics of replant disease in N. nucifera
Replant disease seriously interrupted the normal growth and development of N. nucifera ( Fig. 1a and b) . Following a consecutive monoculture, the symptoms of replant disease in ve-year replanted seedings were more severe than four-year replanted ones, which almost resulted in senescence during a ve-year consecutive monoculture (Fig. 1b and c) . The morphological changes of rhizomes and leaves were investigated, showing the serious damage in replanted N. nucifera. The rhizomes of replanted N. nucifera were rotten and appeared dark brown in color (Fig. 1d) . Moreover, the leaves above water were withered with burned shapes around the edges of the leaves (Fig. 1f) .
Transcriptome analysis and assembly
Two cDNA libraries were constructed from rhizomes of CP and FP as the control, with three samples for each group. On average 66 344 252 and 65 716 271 clean reads were obtained. On average 94.30% of the reads were mapped, and the uniformity of the mapping results suggested that the samples were comparable. Based on genome annotation, 23 591 novel transcripts were identied in six rhizomes of FP and CP in total, including 19 154 coding transcripts and 4437 noncoding transcripts. Then the coding ability of these new transcripts was predicted. All the novel coding transcripts could be merged with reference transcripts to generate complete references.
DEGs identication and analysis
The Deseq2 and PossionDis algorithms were used to detect the DEGs between CP and FP. A total of 25 082 genes were identied in FP and CP, including 9810 DEGs and 15 272 no-DEGs. There were 5295 up-regulated DEGs and 4515 down-regulated DEGs (Table S2 † ). More up-regulated genes than down-regulated genes were obtained in response to the consecutive monoculture. These DEGs were classied with GO classication and functional enrichment according to three ontologies, molecular biological function, cellular component and biological process (Fig. 2a) . In the biological process category, the most abundant groups were metabolic process (2180), cellular process (1788), single-organism process (1109) and localization (467). Moreover, genes involved in the response to stimulus (363) and the regulation of biological process (295) accounted for 3.7% and 3.0% of the total DEGs. The most DEGs in the cellular component category were for cells (1367), cell parts (1361) and membranes (1066). In terms of molecular function, the function of most DEGs were catalytic activity (2396), binding (1914) and transporter activity (227), whereas the antioxidant activity function (52) only accounted for 0.53% of the total DEGs.
DEGs pathways
To screen the imperative pathways, DEGs were mapped to KEGG pathways. DEGs were mainly rich in global and overview maps (1858), carbohydrate metabolism (754), signal transduction (596), translation (481), biosynthesis of other secondary metabolites (368) and metabolism of terpenoids and polyketides (189). The enriched KEGG pathway illustrated that the metabolic pathways and the biosynthesis of secondary metabolites were signicant enrichment (Fig. 2b) , containing more DEGs than other pathways. Beside these, other pathways including avonoid biosynthesis, isoavonoid biosynthesis, plant-pathogen interaction, MAPK signaling pathway, phenylpropanoid biosynthesis and plant hormone signal transduction were also signicant.
Proteome analysis and identication of DEPs
In total 398 832 spectra were generated in the proteome analysis of FP and CP, and 28 070 peptides and 6819 proteins were identied. 975 DEPs were found including 541 up-regulated proteins and 434 down-regulated proteins (Table S3 †) . Using the Blast2GO program, DEPs were mapped to KEGG data. DEPs mainly related to global and overview maps (164), carbohydrate metabolism (81) and biosynthesis of other secondary metabolites (46) , shown in Fig. 3a . Moreover, some DEPs participated in translation (25) , signal transduction (18) and environmental adaptation (18) . The statistics of the pathway enrichment of DEPs illustrated that metabolic pathways and biosynthesis of secondary metabolites were the main signicant pathways. Moreover, phenylpropanoid biosynthesis, avonoid biosynthesis and starch and sucrose metabolism were also signicant (Fig. 3b) .
Correlations between the transcriptome and proteome
Integration of the proteome and transcriptome was conducted. 25 082 and 6819 genes were identied and quantied in the transcriptome and proteome respectively, whereas only 6645 genes were detected in both analyses (Fig. 4a) . 438 DEPs were matched with their DEGs by the analysis of the correlation of 975 DEPs and 9813 DEGs (Fig. 4b) . However, a limited correlation was detected between the proteome and transcriptome with the R (spearman) ¼ À0.0433 (Fig. 4c) , and a relatively higher correlation of DEPs and DEGs was obtained as R (spearman) ¼ 0.0026 (Fig. 4d) . Additionally, the higher positive and negative correlation was indicated in the same trend of DEGs and DEPs (Fig. 4e) , and the opposite trend of DEGs and DEPs (Fig. 4f ). Among these 438 DEPs, 213 DEPs shared the same tendency of the DEGs, with 225 DEPs showing the opposite tendency of DEGs (Table S4 †) . The key DEGs with the same trend of DEPs were detected. ACO, DNA (cytosine-5)-methyltransferase 1 (DNMT1), 2-oxoglutarate 3-dioxygenaselike (F3H), polygalacturonase inhibitor-like (PGI), phenylalanine ammonia-lyase-like (PAL), shikimate O-hydroxycinnamoyltransferase (HCT) and cinnamyl alcohol dehydrogenase (CAD) were increased in response to replant disease (Table 1) . Whereas asparagine synthetase (ASN) and POD were down-regulated. Moreover, opposite patterns of DEPs and DEGs were also found. For example, pathogenesisrelated protein STH-21-like (LOC104588989) was increased in the level of protein during a consecutive monoculture, while it was decreased at the mRNA level. Moreover, chalcone synthase (CHS) and (RS)-norcoclaurine 6-O-methyltransferase-like (6OMT) were signicantly decreased in the proteome, and up-regulated in the transcriptome (Table 1) . 
The correlation of proteome and transcriptome KEGG enrichment
The correlation of proteome and transcriptome KEGG enrichment was examined (Table S5 † ). The biosynthesis of secondary metabolites, phenylpropanoid biosynthesis, metabolic pathways, stilbenoid, diarylheptanoid and gingerol biosynthesis, avonoid biosynthesis, plant-pathogen interaction, amino sugar and nucleotide sugar metabolism, MAPK signaling pathway -plant, isoavonoid biosynthesis and galactose metabolism were all signicant pathways in both the proteome and transcriptome ( Fig. 5a and b) . Starch and sucrose metabolism, nitrogen metabolism, indole alkaloid biosynthesis, pentose and glucuronate interconversions and phenylalanine metabolism were only signicant at the proteome level. Moreover, plant hormone signal transduction and cutin, suberine and wax biosynthesis were only signicant at the transcriptome level ( Fig. 5a  and b ). 6 Expression pattern of genes with the same trend of DEGs and DEPs. Real-time PCR was performed to examine the change of genes in various tissues of CP, using FP as control. Three independent experiments were conducted, * represents significant differences between FP and CP at p < 0.05, based on LSD test.
Valuation of the expression of genes during replant disease
In order to examine the data of the proteome and transcriptome, various materials including roots, rhizomes and leaves were harvested from FP and CP. The genes, including DNMT1, F3H, ACO, PGI, ASN, POD, PAL, HCT, CAD, probable pectinesterase (PME), 6-phosphogluconate dehydrogenase (6PGD), CTP synthase (CTPS) and sucrose synthase (SUS), were investigated by real-time PCR (Fig. 6) . In response to a consecutive monoculture, DNMT1 mRNA of CP was signicantly increased in the roots and rhizomes of N. nucifera, whereas it was down-regulated in the leaves. F3H mRNA was only increased in the rhizome of CP, and CAD mRNA was augmented in the leaves and rhizomes of CP (Fig. 6 ). Besides these, the mRNA expression of ACO, PGI, PAL, HCT, PME, 6PGD, CTPS and SUS in CP was obviously up-regulated in the roots, rhizomes and leaves, with a decline of ASN and POD mRNA observed in all the materials examined.
Examination of the activity of antioxidant enzymes, H 2 O 2 and MDA contents
The activity of antioxidant enzymes and H 2 O 2 content were investigated in CP and FP (Fig. 7) . Consistent with the decline in POD transcript and protein, POD activity was signicantly decreased in the roots, rhizomes and leaves of CP. As the substrate of POD, H 2 O 2 production in plants was considered as a critical response to biotic and abiotic stresses. However, H 2 O 2 in these tissues of CP was signicantly increased, with the higher MDA content. Moreover, enzyme activity of other antioxidant enzymes including SOD, CAT and APX was also attenuated in CP by replant disease (Fig. 7) .
Isolation and characteristics of the POD gene in N. nucifera
The complete coding cDNA sequence of POD was obtained in N. nucifera with a size of 1456 bp. The open reading frame contained 960 bp, with the start codon ATG and stop codon TGA. The exon-intron architecture was investigated, including three exons and two introns (Fig. 8a) . The boundaries between exons and introns followed the GT-AG rule. The putative MW of POD was about 34.2534 KD with pI 9.01. Moreover, the conserved residues involved in the catalytic mechanism, forming disulphide bonds, binding calcium and haem were investigated in POD of N. nucifera by comparing amino acid sequences (Fig. 8b) . PeroxiBase predicted that POD of N. nucifera belonged to class III peroxidase by analysis of amino acid sequences, having a farther relationship with class I and class II peroxidase (Fig. 8c) .
Discussion
A low correlation between the transcriptome and proteome of replant disease
The formation of replant disease was the comprehensive result of the interaction of plants, microbial communities and autotoxic allelochemicals. 35 Despite abundant studies on microbial invasion and autotoxic allelochemicals, understanding how plants responded to a consecutive monoculture was key to understanding the molecular mechanism of replant disease. Some genes related to replant disease were already reported in R. glutinosa, 13,36 but it was not sufficient to explain the mechanism of replant disease at the single transcript or protein level. In order to accurately investigate the formation of replant disease, this study aimed to screen the target genes based on the correction analysis of the proteome and transcriptome. The correlation between the 975 DEPs and 9810 DEGs generated 438 DEPs, including the same tendency of 213 DEPs and DEGs, and the opposite tendency of 225 DEPs and DEGs. A low correlation was detected between the proteome and transcriptome, due to intermediate and low abundance mRNAs and proteins, the efficiency of translation, codon preference, various status of the tissues and post-translational modication.
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Consecutive monoculture altered the metabolic balance of N. nucifera Firstly, two elevated proteins in replanted N. nucifera, ATPdependent 6-phosphofructokinase 3-like and 6PGD, were involved in glycolysis and the pentose phosphate pathway for the production of NADPH, respectively. Secondly, the enzymes catalyzed the synthesis of secondary metabolites were also increased. For example, UMP-CMP kinase 3 (UMK3), CTPS and SUS played important roles in de novo pyrimidine nucleotide biosynthesis, CTP synthesis, sucrose metabolism and the degradation of cellulose or lignocellulose, respectively. Thirdly, two types of enzymes including arogenate dehydratase (ADT) catalyzed conversion of phenylalanine from the shikimate-chorismate pathway, and glucose-6-phosphate 1-dehydrogenase (G6PD) involved in the oxidation of glucose 6-phosphate to 6-phosphogluconolactone were also up-regulated in the replanted N. nucifera. Finally, ve proteins consisting of PGI, DNA-damage-repair/ toleration protein DRT100-like (LOC104590924), leucine-rich repeat extensin-like protein 4 (LRX4), basic endochitinase-like (LOC104587093) and MLP-like protein 423 (MLP423) participated in MAPK signaling pathway of plant, increasing in replanted N. nucifera. Among these proteins, PGI belonged to the superfamily of leucine reach repeat (LRR) proteins, which played a role as plant defense proteins by reducing the hydrolytic activity of polygalacturonases and favored the accumulation of longchain oligogalacturonides. However, ASN related to amino acid metabolism was decreased. Consecutive monoculture stimulated DNA methylation and altered the dynamic balance of antioxidant systems in replanted N. nucifera ROS was usually released as the normal response to biotic and abiotic stresses, 26 acting as a signal molecule to trigger tolerance behavior. However, redundant ROS would make unavoidable oxidative damage to the cell membrane, DNA or proteins. The antioxidant enzymes including SOD, CAT, APX and POD were evoluted for scavenging these abundant ROS. Therefore, the dynamic balance was maintained between ROS-releasing and ROS-scavenging systems in normal conditions. DNA methylation was an epigenetic mechanism regulated by environmental and genomic stresses. Whereas antioxidant enzymes could be suppressed at the RNA and protein levels through DNA methylation. For example, a single CpG dinucleotide within the SOD2 gene close to the transcription initiation site was associated with reduced SOD2 mRNA. 38 In the face of environmental stresses, the expression of antioxidant enzymes including SOD2 and GPX1 were regulated by DNA methylation in the skeletal muscle of severely dyslipidemic mice. 39 In addition, DNA methylation analyses indicated CpG hypermethylation was detected in promoters of antioxidant genes including SOD1-3 and GPX catalyzed by DNTM1 in guinea pigs exposed to polymerized cell-free hemoglobin.
40
As the principal enzyme responsible for maintenance of CpG methylation, the expression of DNMT1 was signicantly elevated in replanted N. nucifera. Recently, DNMTs were reported as the downstream targets of the MAPK pathway, and DNA methylation was regulated by the MAPK signal. 41, 42 In this study, antioxidant systems were disrupted by a consecutive monoculture, with the suppression of POD expression and inhibition of enzyme activity including POD, SOD, CAT and APX. Interestingly, the expression of SOD, CAT and APX was only changed at the transcript level in replanted N. nucifera (Table 1) , suggesting post-translational modication occurred in the regulation of antioxidant enzymes. Therefore, the abundant ROS was not eliminated immediately. It seemed that the loss of the ROS-scavenging function and accumulation of ROS in N. nucifera resulted in replant disease. Transcriptome analyses in R. glutinosa also indicated that both attenuation of antioxidant enzymes and up-regulation of ethylene synthesis were involved in replant disease. 13, 36 However, the calcium signalling pathway promoted in R. glutinosa was not detected in replanted N. nucifera. Additionally, only 20 DEPs associated with photosynthesis and energy metabolism were found in R. glutinosa by the 2-DE-based proteome. 15 The different results were probably caused by the various materials used for sequencing. The materials of the transcriptome analyses in R. glutinosa were roots, and leaves were used in the proteome analyses. In our study, the rhizome was used for the transcriptome and proteome analyses, showing more serious damage in replanted seedings. Additionally, the iTRAQ-based proteome was more sensitive than the 2-DE-based proteome, which also resulted in more putative DEPs found in replanted N. nucifera.
The accumulation of lignin was strengthened by a consecutive monoculture with an increase of avonoid biosynthesis
The phenylpropanoid pathway was considered as an important secondary metabolism pathway in high plants. In this pathway, secondary metabolites such as lignin and avonoid played key roles in plant growth and disease resistance. As the rst and key enzyme between primary and secondary metabolism, PAL controlled the biosynthesis of avonoid, avonol, anthocyanins and lignin. 43 Our study uncovered that the key proteins associated with lignin synthesis were signicantly increased in replanted N. nucifera, including PAL, HCT and CAD. The change of the cell wall was associated with environmental stresses or pathogen invasion, with the modication and subsequent breakdown of lignin. 44 Although the accumulation of lignin was a favourable response to defend against pathogens or environmental stresses, growth of the rhizome was coincidentally inhibited. 45 Moreover, F3H was considered as one of the main enzymes in the biosynthesis of avonoid, increasing in the rhizome of replanted N. nucifera. Phenolic acids were the autotoxic allelochemicals, mainly producing through phenylpropanoid and avonoid pathways. Therefore, up-regulation of proteins related in phenylpropanoid and avonoid pathways would elevate the production of autotoxic allelochemicals in replanted N. nucifera.
Conclusions
A consecutive monoculture induced the production of allelochemicals, and the allelochemicals released in the surroundings were able to activate ethylene signalling pathways, induce ROS accumulation and disrupt metabolic balance in high plants. 46, 47 In addition, the role of ethylene and POD in the regulation of lignin was also indicated in transgenic tobacco. 48 Based on these results, we hypothesized that ROS and ethylene were released as responsive signals induced by a consecutive monoculture, which would stimulate the following processes, including the accumulation of lignin and avonoid, and the inhibition of antioxidant enzymes through DNA methylation. The interaction of these negative effects would further result in the production of allelochemicals and serious oxidative damage, considered as the main factors causing replant disease. Although the details of the pathways still need to be conrmed, a new depiction of the harmful mechanism of replant disease in N. nucifera was illustrated based on the analysis of the key pathways (Fig. 9) .
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